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Translational control in the stress adaptive response 
of cancer cells: a novel role for the heat shock protein 
TRAP1 

DS Matassa 1 , MR Amoroso 1 , 1 Agliarulo 1 , F Maddalena 2 , L Sisinni 2 , S Paladino 1 ' 3 , S Romano 1 , MF Romano 1 , V Sagar 4 , F Loreni 4 , 
M Landriscina*' 5 and F Esposito*' 1 

TNF receptor-associated protein 1 (TRAP1 ), the main mitochondrial member of the heat shock protein (HSP) 90 family, is induced 
in most tumor types and is involved in the regulation of proteostasis in the mitochondria of tumor cells through the control of 
folding and stability of selective proteins, such as Cyclophilin D and Sorcin. Notably, we have recently demonstrated that TRAP1 
also interacts with the regulatory protein particle TBP7 in the endoplasmic reticulum (ER), where it is involved in a further extra- 
mitochondrial quality control of nuclear-encoded mitochondrial proteins through the regulation of their ubiquitination/ 
degradation. Here we show that TRAP1 is involved in the translational control of cancer cells through an attenuation of global 
protein synthesis, as evidenced by an inverse correlation between TRAP1 expression and ubiquitination/degradation of nascent 
stress-protective client proteins. This study demonstrates for the first time that TRAP1 is associated with ribosomes and with 
several translation factors in colon carcinoma cells and, remarkably, is found co-upregulated with some components of the 
translational apparatus (elF4A, elF4E, eEF1A and eEF1G) in human colorectal cancers, with potential new opportunities for 
therapeutic intervention in humans. Moreover, TRAP1 regulates the rate of protein synthesis through the elF2a pathway either 
under basal conditions or under stress, favoring the activation of GCN2 and PERK kinases, with consequent phosphorylation of 
elF2a and attenuation of cap-dependent translation. This enhances the synthesis of selective stress-responsive proteins, such 
as the transcription factor ATF4 and its downstream effectors BiP/Grp78, and the cystine antiporter system xCT, thereby 
providing protection against ER stress, oxidative damage and nutrient deprivation. Accordingly, TRAP1 silencing sensitizes 
cells to apoptosis induced by novel antitumoral drugs that inhibit cap-dependent translation, such as ribavirin or 4EGI-1, and 
reduces the ability of cells to migrate through the pores of transwell filters. These new findings target the TRAP1 network in the 
development of novel anti-cancer strategies. 
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TNF receptor-associated protein 1 (TRAP1), the only mito- 
chondrial member of the heat shock protein (HSP)90 protein 
family, is involved in protection from oxidative stress and 
apoptosis induced by several antitumor agents and other 
stressors. 1 Acute silencing of TRAP1 in tumor cells has been 
consistently associated with CypD-dependent mitochondrial 
apoptosis. 2 TRAP1 -dependent organelle-directed regulation 
of folding and stability of selective proteins involved in 
mitochondrial homeostasis, such as Cyclophilin D and Sorcin, 
is pivotal for the control of tumor cell proteostasis, leading to 
resistance to apoptosis. 3 Remarkably, aberrant deregulation 



of TRAP1 function has been observed in colorectal 4 and 
prostate carcinomas, 5 with potential new opportunities for 
therapeutic intervention in humans. Evidence suggests that, 
despite the high homology between all members of the 
HSP90 chaperone family, TRAP1 has distinct functional 
properties. 6 TRAP1 is involved in endoplasmic reticulum 
(ER) stress protection 7 ' 8 and some recent findings have 
reported other sub-cellular localizations of this chaperone. 6 In 
fact, we have recently demonstrated that TRAP1 also 
localizes in the ER, where it directly interacts with the 
proteasomal particle TBP7 and controls ubiquitination/ 
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degradation levels of specific substrates. As a consequence, 
the expression of two mitochondria-destined proteins, 
i.e. FIATPase and the mitochondrial isoform of the calcium- 
binding protein Sorcin, is decreased in TRAP1 knockdown 
(KD) cells. Interestingly, the expression of a TRAP1 deletion 
mutant, which is defective of the mitochondrial targeting 
sequence and is therefore unable to enter mitochondria, is 
nonetheless sufficient for rescuing FIATPase and Sorcin 
protein levels, thereby demonstrating that TRAP1 exerts an 
extra-mitochondrial quality control on its client proteins. 9 
However, the molecular mechanisms responsible for this 
function still remain to be elucidated. In order to further 
analyze the roles of TRAP1 in protein quality control, we took 
advantage of data suggesting that some eukaryotic HSP 
family members are components of the translational appara- 
tus and function in co-translational processes. 10 It is worth 
noting that the ubiquitin - proteasome system (UPS) itself is 
involved in the quality control of nascent polypeptides 
emerging from ribosomes and not yet folded: in fact, it has 
been estimated that up to 30% of newly synthesized proteins 
are ubiquitinated and co-translationally degraded by the UPS 
system, 1112 while still bound to ribosomes. 13 Interestingly, the 
association between the ribosomal apparatus, the elongation 
factor eEF1 A and the regulatory proteasomal subunits Rpn10 
and Rpt1 14 suggests that close coupling must exist between 
synthesis, ubiquitination and degradation. Increasing amount 
of evidence is accumulating on co-translational processes 
and on the involvement of ribosome-bound chaperones in 
these events, including the assembly of ribosomes, modula- 
tion of translation and targeting of proteins. 15 Brandman et al. 
recently demonstrated that a ribosome-bound quality control 
complex triggers proteasome-mediated degradation of nas- 
cent peptides stalled in the elongation step. 16 These data 
open up a new scenario in which ribosome-associated 
chaperones act as key regulators of cellular proteostasis 
through direct or indirect modulation of protein synthesis, 
folding, assembly and transport. Notably, translation factors 
are altered in expression or activity in human cancers, and 
alterations in these proteins and their upstream signaling 
pathways can have an impact on cancer progression. It has 
been shown that elF4E, elF4G and elF4A are overexpressed 
in a wide range of tumors, and drugs designed to inhibit mRNA 
translation are currently in preclinical and early clinical 
development. 17 Moreover, conditions often found in tumors, 
such as ER stress, amino acid deprivation and hypoxia, 
activate elF2 kinases such as PERK and GCN2, and in turn 
these kinases phosphorylate elF2a to inhibit translation. 18 

Starting from these observations, our study aimed at 
evaluating the role of TRAP1 in translational control of cancer. 
Indeed, we demonstrate for the first time that TRAP1 
regulation occurs during the translation process through an 
attenuation of its client protein's synthesis upon several 
stresses. 

Results 

TRAP1 involvement in translational control is coupled to 
ubiquitination/degradation. Our previous data demon- 
strated that TRAP1 silencing strongly increases general 
protein ubiquitination levels, but this does not correlate with 



a decreased overall protein stability. Taking advantage of 
previous data 12 we hypothesized that the higher ubiquitina- 
tion (and degradation) level observed in TRAP1 KD HCT1 16 
cells might be co-translational. To achieve this, immunopre- 
cipitates (IP) of Ub conjugates following a brief pulse (1 min) 
with radiolabeled Met/Cys amino acids were obtained for 
sh-TRAP1 and scrambled controls. We found that 
TRAP1 -stable interfered colorectal carcinoma (CRC) cells 
accumulate more than double amounts of ubiquitinated 
proteins during protein synthesis (Figure 1a, upper panels). 
As a control, total ubiquitin levels were analyzed both on total 
lysates and anti-Myc IP upon transfection with Ub-myc 
expression vector (Figure 1a, middle panels). Surprisingly, 
control cells incorporate less radioactively labeled amino 
acids compared with TRAP1 KD cells (total lysates brief 
exposure), suggesting a role for TRAP1 in the global 
attenuation of translation. This hypothesis was indeed 
supported by reduced levels in sh-TRAP1 cells of phospho- 
elF2a (Figure 1a, lower panels), which is one of the key 
regulatory translation factors, whose phosphorylation results 
in the attenuation of cap-dependent translation while favoring 
the IRES-dependent one. 19 

To further support the co-translational nature of the high 
ubiquitin phenotype observed in sh-TRAP1 cells, Met/Cys- 
labeled-HCT1 16 cells were treated for 6h with the protein 
synthesis inhibitor cycloheximide (CHX), the proteasome 
inhibitor MG132 or with both of them (Figure 1b). Notably, 
CHX prevented the stronger ubiquitin phenotype of sh-TRAP1 
cells compared with controls, either in the presence or in the 
absence of MG132. Conversely, in the absence of CHX, Ub 
levels are higher in TRAP1 KD cells, both in the presence and 
in the absence of MG132 (Figure 1b, upper panel). The CHX- 
mediated blockage of protein synthesis reduces global Ub 
levels and this is per se able to abrogate differences in 
ubiquitination between sh-TRAP1 and control cells. Accord- 
ingly, a time-course experiment performed by treating 
HCT116 cells with CHX for increasing time intervals shows 
a progressive decrease in total ubiquitination levels, resulting 
in complete abolishment of differences between scramble and 
sh-TRAP1 cells after 6h (Supplementary Figure S1). Taken 
together, these results suggest that the high-ubiquitination 
phenotype of sh-TRAP1 cells is dependent on protein 
synthesis and that TRAP1 protein quality control is 
co-translational. However, further studies will be necessary 
to determine whether this is due to a direct role of TRAP1 in 
this process or due to an indirect effect of TRAP1 deficiency. 
Incorporation of radiolabeled aminoacids is shown as a 
control of CHX treatment (Figure 1b, middle panel). Accord- 
ingly, elF2a phosphorylation decreased in untreated TRAP1 
KD cells, and is increased upon CHX treatment both in control 
and in sh-TRAP1 cells, as a consequence of complete 
inhibition of protein synthesis. 

We previously reported that the expression of mitochon- 
drial-destined TRAP1 client proteins (the mitochondrial 
isoform of Sorcin and the FIATPase subunit ft) was 
decreased in TRAP1 KD cells as a consequence of their 
increased ubiquitination. 9 In order to analyze the mechanism 
of this regulation, we measured the stability of both proteins by 
pulse/chase experiments in TRAP 1 -interfered HCT1 16 cells. 
Consistent with the results obtained on total lysates, 
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Figure 1 TRAP1 -dependent ubiquitination is due to a co-translational phenomenon, (a) HCT1 16 cells were transfected with Ubiquitin-myc expression vector. After 48 h, 
cells were labeled for 1 min with 35 S Met/ 35 S Cys (250 uCi/ml), washed with PBS and lysed in the presence of 200 fig/ml CHX. IP-myc was performed on total lysates and 
analyzed for autoradiography (20 days) and WB with indicated antibodies. Numbers indicate densitometric intensity of the whole lane, calculated assuming level of control cells 
equal 1. Graphs represent statistical quantification of densitometric analysis based on two independent replicates, data are expressed as mean±S.D.; *P= 0.004. (b) 
HCT116 cells were treated with CHX (200 u.g/ml), MG132 (10 fM) or both and labeled with 35 S Met/ 35 S Cys (50/zCi/ml) for 6h. Total extract were immunoblotted with 
indicated antibodies. Numbers indicate densitometric intensity of the whole lane, calculated assuming level of control cells (untreated scramble cells) equal 1. Graphs 
represent statistical quantification of densitometric analysis based on three independent experiments, data are expressed as mean ± S.D. from; *P=0.02 



Figure 2a-b shows that, despite a difference in total protein 
amount at time 0, the half-lives of these proteins in TRAP1 KD 
and control cells are comparable up to 6 h after the pulse. 
Results of real-time PCR analysis of Sorcin and FIATPase 
mRNAs excluded a transcriptional control (data not shown). 
These data suggest that TRAP1 does not influence long-term 
stability of client proteins. We then aimed at evaluating 
whether a selective change in the half-life of Sorcin and 
FIATPase could be observed in the early phases of protein 
synthesis. To achieve this, HCT1 1 6 cells were exposed to 
shorter (30 min) pulses of 35 S-labeled Met/Cys followed by 
short times of chase, to minimize contribution of protein 
degradation by the proteasome during the pulse: it has been 
reported that proteins can be degraded by proteasomes within 
30 min of their synthesis. 20 Indeed, in these experimental 
conditions, an increased rate of labeling at times 0 in the IPs of 
both client proteins was observed in TRAP1 KD cells 
compared with controls (Figure 2c-d); however, they are 
degraded so fast that, at the steady state, their expression 
levels are finally lower in sh-TRAP1 clones. Therefore, both 
synthesis and degradation of specific client proteins are 
attenuated by TRAP1. These observations suggest that 



TRAP1 -dependent control on Sorcin and FIATPase is 
exerted early after synthesis, most likely before their import 
into the mitochondria. The observed phenomena are selec- 
tively directed toward TRAP1 client proteins: in fact, control 
experiments using the cytosolic HSP90 show that it is not 
subject to similar mechanisms (Figure 2e). 

TRAP1 associates with ribosomes and with members of 
the translational apparatus. A proteomic analysis of 
TRAP1 co-IP complexes 4,9 previously allowed us to identify 
some translational initiation/elongation factors as putative 
TRAP1 binding proteins. We further confirmed mass 
spectrum data by co-IP experiments, and observed a 
selective binding of TRAP1 to factors elF4A, eEF1A and 
eEF1G (Figure 3a-c; Supplementary Figure S2A). Accord- 
ingly, confocal microscopy analysis showed colocalization of 
EF1A-GFP fusion protein with TRAP1 -cherry, thus support- 
ing their interaction (Supplementary Figure S2B). The 
relevant finding of TRAP1 interaction with members of the 
protein synthesis machinery further supported a role of 
TRAP1 in the regulation of protein synthesis. Indeed, a 
physical interaction between co-translationally acting 



Cell Death and Disease 



TRAP1 in translational control of cancer cells 

DS Matassa et al 



15 S Met/ 35 S Cys 



IP FIATPase 


LU 




HI 




LU 




-I 




-I 




-I 




CQ 


Q_ 


CD 


Q. 


CQ 


Q. 




< 




< 




< 


< 


CC 


< 


CC 


< 


CC 


cc 


h- 


CC 


h- 


CC 


h- 


o 


sz 


o 


-C 


o 




CO 


v> 


CO 


(0 


CO 


(0 


























1 


0.6 


0.5 


0.5 


0.5 


0.4 



a-F1ATPase 



Time (h) 0 



FIATPase 



1.0 



0.5 



0.0 




3h 



6h 




IP FIATPase 



1S S Met/^S Cys 



1.5 0.8 0.9 0.8 0.6 



Time (min) 0 



1.5 

>£ 
: co 

! o 1.0 

: >. 

) U) 

5 I 05 
0.0 



FIATPase 




tO 10' 30' 




IP HSP90 



,5 S Met/ 35 S Cys 



LU 
_l 




LU 
_l 




LU 
_l 




CQ 


Q. 


CQ 


Q. 


CQ 


0. 




< 




< 




< 


< 


CC 


< 


CC 


< 


CC 


CC 


h- 


CC 


h- 


CC 


h- 


o 




o 


J= 


o 




CO 


(0 


CO 


(0 


CO 


(0 




1 


0.9 


1 


1 


0.9 


0.9 





HSP90 



90 kDa 



1.5 



IS 1-0 
2 E 

P 0.5 



• scramble 
sh-TRAP1 



10' 



30' 



Time (min) 0 



10 



30 



Figure 2 Quality control of client proteins is exerted by TRAP1 through coupling of protein synthesis and degradation, (a, b) HCT116 sh-TRAP1 and scramble stable 
clones were transfected, where indicated (b), with Sorcin-myc expression vector for 24 h, pulse labeled for 1 h as described in Materials and Methods and chased for the 
indicated times. Immunoprecipatates (IP) were analyzed by autoradiography and WB. (c, d, e) HCT116 sh-TRAP1 and scramble stable clones were transfected, where 
indicated (d), with Sorcin-myc expression vector for 24 h, pulse labeled for 30 min as described in Materials and Methods and chased for the indicated times. 
Immunoprecipatates (IP) were analyzed by autoradiography and WB. Numbers indicate densitometric band intensities, each normalized to the respective IP, that have been 
calculated by assuming protein levels of the control (scramble cells at time 0) equal 1 . The data summary (right) shows tendency lines referred to densitometric analysis of all 
replicates performed. Data are expressed as mean ± S.D. from three independent experiments 



chaperones and ribosomes has been widely reported as the 
primary environment for the correct assembling of nascent 
polypeptides. 15 Therefore, we analyzed whether TRAP1 
associates with these organelles, observing that it is present 



in the ribosomal fractions purified from HCT116 cells 
(Supplementary Figure S2C). To have further indication 
on the association of TRAP1 with ribosomes, we 
separated cytoplasmic extracts from HCT116 cells by 
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Figure 3 TRAP1 interacts with translation factors and is associated to ribosomes. (a), (b) and (c) Total HCT1 16 lysates were immunoprecipitated with anti-TRAP1 and 
anti-eEF1A antibodies and immunoblotted with indicated antibodies. No Ab, total cellular extracts incubated with A/G plus agarose beads without antibody; IP, 
immunoprecipitation with the corresponding antibodies, (d) Separation of cytoplasmic extracts from HCT1 16 cells was performed by ultracentrifugation on sucrose gradients 
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(40S, 60S, 80S) whereas larger polysomes were collected in the first fraction. The upper part of the gradient (fractions 9,10,11) includes free cytosolic proteins or light 
complexes 



ultracentrifugation on sucrose gradients. As shown in 
Figure 3d, a clear signal of TRAP1 can be observed in the 
first fraction, indicating that at least part of this protein 
co-sediments with polysomal complexes, whereas control 
proteins (BiP/Grp78, glyceraldehyde-3-phosphate dehydro- 
genase (GAPDH)) are only present in the upper part of the 
gradient (fractions 9, 10, 11) that includes free cytosolic 
proteins or light complexes. 

TRAP1 regulates the elF2a pathway. To characterize the 
signal transduction pathway responsible for the attenuation 
of protein synthesis by TRAP1, we focused on the elF2a 
upstream protein kinases involved in the most common 
stress adaptive responses of cancer cells. 21 Indeed, elF2a 
phosphorylation is the first-line response to ER stress and 
allows the immediate attenuation of global protein synthesis 
and selective translation of stress-responsive genes, which 
confers the ability to rapidly respond to changes in 
extracellular environments. As both PERK and GCN2 
kinases are involved in regulation of elF2a phosphorylation, 
we further investigated these two pathways in colorectal and 
breast cancer (data not shown) TRAP1 KD cells. Of note, 
TRAP1 -containing cells exhibit higher activation of PERK 
(Figure 4a) and, consequently, higher amounts of phospho- 
elF2a either before or after ER stress induced by thapsi- 
gargin (TG), this being consistent with our previous data on 
TRAP1 role in resistance to ER stress. 9 In parallel experi- 
ments, we found higher levels of phospho-GCN2 in TRAP1 
scrambled controls than in sh-TRAP1 cells in response to 
nutrient deprivation (Figure 4b). In addition, a specific 



interaction between TRAP1 and GCN2 was identified, as 
confirmed by co-IP experiments (Figure 4c) and confocal 
microscopy (Figure 4d). This evidence suggests that TRAP1 
KD cells are unable to promptly respond to ER stress or 
nutrient deprivation through PERK/GCN2 activation. 

It has been demonstrated that elF2a phosphorylation 
induces the preferential translation of a group of stress- 
responsive mRNAs, including the transcription factor ATF4: 
accordingly, higher levels of ATF4 were detected 
in scrambled cells upon amino acid or glucose starvation 
(Figure 4b). Of note, the re-expression of TRAP1 
in sh-TRAP1 cells rescues ATF4 levels (Supplementary 
Figure S3A), whereas its transient silencing by siRNAs 
decreases phospho-elF2a and ATF4 levels (Supplementary 
Figure S3B). 

Preferential activation of elF2a upregulates ATF4 target 
genes involved in amino acid synthesis and transport 22 as well 
as in response to oxidative or ER stress, and, among others, 
xCT, the specific subunit of cystine/glutamate antiporter 
system, 23 and BiP/Grp78, a major ER chaperone essential 
for protein quality control in the ER 24 Quantitative RT-PCR 
analysis to assay BiP/Grp78 mRNA levels shows that the 
expression of this stress-responsive gene is lower in 
untreated sh-TRAP1 stable transfectants than in control 
clones; notably, a correlation between TRAP1 and 
BiP/Grp78 was confirmed in in vivo studies on human breast 
tumor specimens. 25 Remarkably, under stress conditions 
(i.e., starvation, glucose deprivation, tunicamycin-induced ER 
stress) the induction of BiP/Grp78 is higher in sh-TRAP1 cells 
in order to compensate for basal differences in its 
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Figure 4 TRAP1 regulates elF2a-ATF4 pathway, (a) Scrambled and sh-TRAP1 HCT116 cells were treated with TG (1 /M) for the indicated times. Total lysates were 
immunoblotted with indicated antibodies, (b) HCT116 cells were starved for 6 h in cysteine/methionine/glutammine-free medium or low glucose (1.5mg/ml) medium 
respectively. Total lysates were immunoblotted with the indicated antibodies, (c) TRAP1 and GCN2 co-immunoprecipitate: total HCT1 16 lysates were immunoprecipitated with 
anti-TRAP1 and anti-GCN2 antibodies and immunoblotted with indicated antibodies. No Ab, total cellular extracts incubated with A/G plus agarose beads without antibody; IP, 
immunoprecipitation with the corresponding antibodies, (d) TRAP1/GCN2 colocalization: HCT1 16 cells were fixed and treated as described in Materials and Methods. Panel 1 
shows staining of GCN2 (green); panel 2 shows staining of TRAP1 (red); in Panel 3, a double immunofluorescent staining is shown, (e) Real-time RT-PCR analysis of BiP/ 
Grp78 mRNA expression in scrambled and sh-TRAP1 HCT116 cells exposed to 1 fiM TG for 12 h or starved for 48 h in low serum or low glucose medium. All data are 
expressed as mean ± S.D. from two independent experiments; *P<0.01, **P< 0.001, ***p< 0.0001, n=2. (f) Luciferase assay on xCT promoter constructs transfected in 
sh-TRAP1 HCT116 cells and scrambled control. All data are expressed as mean ± S.D. from two independent experiments; *P<0.01, **P< 0.001, ***p< 0.0001, n = 2 



transcriptional level (Figure 4e). It is worth noting that the 
results of tunicamycin treatment support our previous data 
demonstrating the important role of TRAP1 in protection from 
ER stress. 9 Similarly, Luciferase assays using xCT constructs 
transfected in HCT1 1 6 cells confirmed the higher activation of 
the Luc-reporter gene by the oxidant-responsive xCT promo- 
ter in scrambled cells compared with sh-TRAP1 cells 
(Figure 4f). 

Clinical relevance of TRAP1 role in protein synthesis. 

Drugs designed to inhibit mRNA translation are in preclinical 
development with the aim of becoming anticancer agents. 17 
Considering the above-demonstrated role of TRAP1 in 
translational attenuation, we selected two inhibitors of 
mRNA translation, with the aim of analyzing the response 
of control and TRAP1 KD cells to these drugs: Ribavirin, an 
inhibitor of cap-mediated translation, 26 ' 27 and 4EGI-1, a 
synthetic peptide that binds the translational initiation factor 
elF4E and prevents its interaction with elF4G. 28 As shown 
in Figure 5a-b, a more significant increase in the rate of 
apoptotic cell death can be observed in sh-TRAP1 stable 
transfectants. Conversely, cells containing higher TRAP1 
levels seem to be less sensitive, especially when it comes to 
the apoptotic response to Ribavirin. The low sensitivity of 
TRAP1 -containing cells to blockers of cap-dependent 
mRNA translation is not surprising, considering that an 



attenuation of protein synthesis is already present in 
these cells. 

It has been proposed that agents interfering with the 
regulatory mechanism of gene translation (Rapamycin, 
Ribavirin) could be regarded as leading compounds in the 
antimetastatic drug development process. 29 From these 
observations and taking into account the fact that a role of 
TRAP1 in metastatic prostate cancers has been recently 
demonstrated, 5 ' 30 we analyzed the role of TRAP1 in the 
multistep process of metastasis by measuring the capability of 
HCT116 cells to migrate through filters of the Boyden 
chamber upon TRAP1 interference, and in the presence/ 
absence of mRNA translation inhibitor Ribavirin. As shown in 
Figure 5c, TRAP1 silencing reduced the ability of CRC cells to 
migrate. Such a migratory effect was further impaired by 
Ribavirin, suggesting that the combination of this drug with 
TRAP1 blockade may efficiently counteract a fundamental 
step in the metastatic cascade. 

Finally, we evaluated whether TRAP1 -dependent regula- 
tion of the rate of protein synthesis may be relevant in human 
CRC. To this aim, we analyzed our tissue collection of CRCs, 
previously characterized for the co-expression of TRAP1 and 
its client proteins Sorcin, F1 ATPase and TBP7. 9 We analyzed 
1 0 TRAP 1 -positive and 1 0 TRAP1 -negative human CRCs for 
eEF1G, eEF1A, elF4A and elF4E expression. Figure 5d 
reports the immunoblot analysis of these proteins in 4 tumor 
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Figure 5 Downregulation of TRAP1 sensitizes HCT1 1 6 cells to drugs targeting cap-dependent translation, (a, b) Rates of apoptotic cell death in HCT1 1 6 cells treated with 
Ribavirin (a) (100 or 200 ^g/ml) or 4EGI-1 (b) (25 or 50 fiM) for 48 h upon stable downregulation of TRAP1 . All data are expressed as mean ± S.D. from three independent 
experiments; *P<0.01, **P< 0.001, ***P< 0.0001, n=3. (c) Representative images (left) of transwell migration assay using 10% FBS as chemoattractant. The data 
summary (right) shows absorbance of the Crystal violet staining eluted by migrated cells and quantitated by spectrophotometric reading at 570 nm. (d) TRAP1 , elF4A, elF4E 
and eEF1G, eEF1A expression in human CRCs. Total cell lysates from four human CRCs (T) and the respective non-infiltrated peritumoral mucosas (M) (2 TRAP1 -positive 
and 2 TRAP1 -negative tumors) were separated by SDS-PAGE and immunoblotted using indicated antibodies 



samples representative of our tumor analysis, whereas their 
full expression profile in all 20 CRCs is reported in Table 1. 
Remarkably, the majority of the TRAP1 -positive tumors 
exhibited upregulation of eEF1G (7/10 cases), eEF1A 
(8/10), elF4A (5/10 cases) and elF4E (8/10 cases). In 
contrast, among 10 tumors with low expression of TRAP1, 
all exhibited low levels of elF4A and elF4E, 9/1 0 exhibited low 
expression of eEF1G and 7/10 exhibited low expression of 
eEF1 A. A Chi-square test demonstrated a positive statistical 
correlation between the expression levels of TRAP1 and 
those of eEF1G (P=0.02), elF4A (P= 0.039) and elF4E 
(P= 0.001 ) and a trend toward a positive correlation between 
TRAP1 and eEF1A levels (P=0.07). 

Discussion 

The best-characterized functions of TRAP1 , which is induced 
in most tumor types, are related to its role in the protection 
from oxidative stress and mitochondrial cell death 6 and in 
signaling circuitries of mitochondrial integrity and cellular 
homeostasis. 31 However, recent evidence suggests that 
TRAP1 is involved in the crosstalk between mitochondria 
and ER and in ER stress protection of tumor cells: in fact, our 
group for the first time reported a role of TRAP1 in protein 
quality control due to its interaction with proteasomal 
components on the outer side of the ER. 9 

A key finding of the present work, which is a logical 
continuation and deepening of our previous studies, is the 
inverse correlation between TRAP1 expression and ubiquiti- 
nation/degradation of some nascent mitochondrial client 



proteins. However, further studies are required to provide 
molecular insights into the mechanism. The regulation of 
TRAP1 client protein expression in the ER depends on their 
ubiquitination and does not involve a folding control or 
changes in the overall protein stability. Several observations 
argue against a control of folding by TRAP1 in the ER: as 
TRAP1 client proteins are mitochondrial, they must enter 
unfolded into the mitochondrial compartment; evidence on the 
association of ribosomes and mRNA to mitochondria implies 
that nuclear-encoded mitochondrial proteins can be imported 
while being translated 32 and chaperone linked to protein 
synthesis provides relevant 'assistance' to these 
processes. 33 ' 34 Recent evidence demonstrates that nascent 
polypeptides often cannot fold stably and are subjected to a 
robust quality control system that marks them for degradation 
through co-translational ubiquitination, either during active 
synthesis, in response to misfolding, or in response to 
translation stalling. 35 Moreover, it has been shown that 
ribosome-bound molecular chaperones contribute to protect 
nascent chains from premature ubiquitination and optimize 
the balance between translation rate and co-translational 
folding, avoiding aggregation and minimizing co-translational 
ubiquitination. 36 The experimental evidence provided in this 
article, including the association of TRAP1 with ribosomes 
and with several translation initiation and elongation factors, 
suggests that TRAP1 chaperoning activity in the ER involves 
the regulation of its client protein's synthesis and degradation, 
most likely at the ER/mitochondria interface. It is worth noting 
that this novel quality control regulation by ER-associated 
TRAP1 is additional, non-redundant, complementary and 
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Table 1 Expression profile of the 4 genes in 20 CRCs 
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relevant for the antiapoptotic role and for the well-known 
function of folding regulation by TRAP1 in the mitochondria. 2 

When the cell faces stress conditions, e.g. starvation 
or hypoxia, the rate of protein synthesis decreases. In fact, 
sh-TRAP1 cells show lower levels of phospho-elF2a in basal 
conditions and are unable to respond promptly to ER stress 
and nutrient deprivation by activating PERK and GCN2. Both 
amino acid and glucose deprivation, stresses found in solid 
tumors, activate GCN2 to yield an upregulation of ATF4 target 
genes involved in amino acid synthesis and transport, 22 thus 
making the GCN2-elF2a-ATF4 pathway critical for maintain- 
ing metabolic homeostasis in tumor cells and, in turn, a novel 
and attractive target for anti-tumor approaches. Consistently, 
we demonstrated that TRAP 1 -dependent activation of the 
GCN2-elF2a pathway results in a consequent upregulation of 
ATF4 and induction of its target genes BiP/Grp78 and xCT. 
This evidence unravels new pathways and protein targets 
regulated by TRAP1 to yield protection from ER stress, 
oxidative damage and cell death. Furthermore, BiP/xCT 
analysis suggests that, under basal conditions, TRAP1 
indirectly affects the expression of some genes, especially 
those involved in the regulation of cellular homeostasis, 
behaving as a sort of energy saver for the cell. Remarkably, 
the relevance of these findings is supported by in vivo studies 
on human breast tumor specimens, 25 SAOS-2 osteosarcoma 
cells, HeLa cervix carcinoma cells and mouse models. 36 

In our opinion, a relevant result of our study is the evidence 
that TRAP1 selectively binds members of the translational 
apparatus (i. e., elF4A, eEF1 A and eEF1G); this observation 
is herein reported for the first time. Furthermore, TRAP1 is 
co-expressed with elF4A, elF4E, eEF1G and eEF1A in 
human CRCs, suggesting that a subset of human CRCs 
upregulates the translational machinery to fulfill the increased 
demand of protein synthesis upon increase in cell prolifera- 
tion. 17 In this context, the co-upregulation of TRAP1 may, 
likely, represent a protective mechanism used by cancer cells 
to induce the synthesis of specific stress-protective proteins. 

Targeting specific translation factors that are altered in 
expression or activity in human cancers offers great promise 
for the development of a new generation of cancer therapeu- 
tics. 17 The interaction of TRAP1 with several translation 
regulatory proteins might have an important impact on their 
development. Indeed, TRAP1 -positive tumor cells exhibit 
poor responsiveness to mRNA translation inhibitors, whereas 
the same agents induce higher levels of apoptosis in TRAP1 
KD cells. This observation provides useful insights into the 
mechanism of resistance to these novel agents, which may be 
poorly active on TRAP1 -positive tumors. Furthermore, such 
evidence is in line with previous observations by our group 



showing that TRAP1 -positive CRC cells are poorly sensitive 
to chemotherapeutics. 37 Altogether this evidence strongly 
supports the hypothesis that the activation of the TRAP1 
pathway represents a major survival mechanism used by 
cancer cells to escape the activity of several antitumor agents 
and targets the TRAP1 network in the development of novel 
anti-cancer drugs to revert resistance to apoptosis. 

Finally, our result of ex vivo migration suggests that TRAP1 
has a pivotal role in CRC migration, supporting the conclusion 
that this chaperone is an important element in the multistep 
process of tumor progression and metastasis dissemina- 
tion. 5,29 Hence, the inhibition of TRAP1 and TRAP1 -inter- 
acting translation factors might become a novel approach for 
successful therapies in human malignancies; in addition, the 
association of translation inhibitors, which are already in 
preclinical development, with TRAP1 targeting may efficiently 
counteract a fundamental step of the metastatic cascade. 

Materials and Methods 

Cell culture. Human HCT116 colon carcinoma cells were purchased from 
American Type Culture Collection (ATCC) and cultured in DMEM containing 10% 
fetal bovine serum and 1 .5 mmol/l glutamine. Cell lines are routinely monitored in 
our laboratory by microscopic morphology check. The authenticity of the cell lines 
was checked before starting this study, 1 year ago, through standardized 
techniques by evaluating the presence of a mutation in codon 13 of the Ras proto- 
oncogene in HCT116 cells, according to ATCC product description. TRAP1 -stable 
interfered cells were obtained as described previously. 9 

Plasmid generation and transfection procedures. Full-length 
TRAP1-myc expression vector was obtained as described previously. 9 xCT-luc 
construct was a kind gift from Prof. R Faraonio, University of Naples Federico II, 
Italy, and was obtained as described previously. 38 The eEF1A1-GFP construct 
was generated using the following primers: forward 5'-ATTAGAATTCTGAC 
TAAGGCCATGGGAAAGGAAAAGACTC-3' and reverse 5' -ATTAG G ATCCA ATT 
TAGCCTTCTGAGCTTTCTGGGC-3'. eEF1A1-6x-his construct, which was a kind 
gift from A. Lamberti, University of Naples Federico II, was used as a template. 
PCR-amplified fragments were gel-purified and cloned in-frame into the peGFP-N1 
plasmid (Clontech) at the EcoRI and BamHI restriction sites. The TRAP1 -cherry 
construct was generated by cloning a PCR-amplified mCHERRY fragment 
in-frame into the TRAP1-myc construct at the Xhol and Xbal restriction sites. 
mCHERRY was amplified using the following primers: forward S'-ATTACTCGAGG 
GCGGAGGTGTGAGCAAGG-3' and reverse S'-ATTATCTAGACTACTTGTA 
CAGCTC GTCCATGCC-3'. Transient transfection of DNA plasmids was performed 
with the Polyfect Transfection Reagent (Qiagen). siRNAs of TRAP1 were 
purchased from Qiagen (cat. no. SI001 15150). For control experiments, cells were 
transfected with a similar amount of scrambled siRNA (Qiagen; cat. no. 
SI03650318). Transient transfections of siRNAs were performed by using 
HiPerFect Transfection Reagent (Qiagen) according to the manufacturer's 
protocol. 

WB/lmmunoprecipitation analysis. Equal amounts of protein from cell 
lysates and tumor specimens were subjected to SDS-PAGE and transferred to a 
PVDF membrane (Millipore). WB analyses were performed as described in. 39 
Protein immunoprecipitations were carried out on 800 u,g of total extracts. Lysates 
were pre-cleared by incubating with protein A/G-Agarose (Santa Cruz 
Biotechnologies) for 1 h at 4°C and then incubated in agitation for 18 h at 4°C 
with the antibodies. Subsequently, samples were further incubated for 1 h at 4 °C 
with fresh beads. Negative control experiments were performed by adding beads 
only to the cleared lysate. Beads were then collected by centrifugation and 
washed twice in lysis buffer. Where indicated, protein levels were quantified by 
densitometric analysis using the software ImageJ. 40 The following antibodies from 
Santa Cruz Biotechnology were used for WB, immunoprecipitation and 
immunofluorescence analysis: anti-TRAP1 (sc-13557), anti-cMyc (sc-40), anti-Ub 
(sc-8017), anti-F1ATPase (ATP5B subunit, sc-58619 for IP and sc-C20 for WB), 
anti-tubulin (sc-8035), anti-HSP90 (sc-1057), anti-elF2a (sc-133132), anti-CREB2/ 
ATF4 (sc-200), anti-GCN2 (sc-374609 for IP and sc-46338 for IF), anti-GAPDH 
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(sc-69778), anti-pPERK (Thr 981 and sc-32577) and anti-BiP/Grp78 (sc-1051). 
The following antibodies were also used: anti-phospho elF2a (p Ser51, #9271), 
anti-elF4A (#2013), anti-elF4E (#2067) and anti-PERK (#3192) from Cell 
Signaling; anti-phospho GCN2 (p Thr667, #NBP1-4031) and anti-eEF1G 
(#NB1 00-223) from Novus Bio; anti-eEF1A (#05-235) from Millipore; and 
anti-RPS19. 41 Rabbit polyclonal anti-RPL3 and rabbit polyclonal anti-L7a 
antibodies were a kind gift from Prof. G Russo, University of Naples 
Federico II, Italy. 

Ribosome analysis. Preparation of ribosomal fractions was performed as 
described previously. 42 To further separate cytoplasmic extracts, HCT116 
was collected by scraping and then resuspended in lysis buffer (10mM Tris- 
HCI (pH 7.5), 10 mM NaCI and 10 mM MgCI 2 , 1 mg/ml 0.5% NP-40, aprotinin, 
1 mg/ml leupeptin, 1 mg/ml pepstatinA and 100 mg/ml PMSF). After incubation 
in ice for 1 0 min, the extract was centrifuged for 1 0 min in a microcentrifuge at 
a maximum speed of 4°C and the supernatant (cytoplasmic extract) was 
loaded onto 10-30% linear sucrose gradient containing 30 mM Tris-HCI 
(pH 7.5), 100 mM NaCI and 10 mM MgCI 2 . Gradients were centrifuged in a 
Beckman SW 41 rotor for 4 h at 37000 rpm and then collected in 1 1 fractions 
while monitoring the absorbance at 260 nm. The pellet was resuspended 
in the first fraction (polysomes). All fractions were then precipitated 
with trichloroacetic acid, resuspended in loading buffer and analyzed by 
western blot. 

Pulse-chase assay. Pulse-chase analysis was performed as described 
previously. 9 Cells were collected at the indicated time points and lysates were 
separated by 10% SDS-PAGE. Proteins were transferred onto a PVDF membrane 
and analyzed by autoradiography. The same filters were then probed by WB 
analysis. 

Confocal microscopy. HCT116 cells were fixed with 0.1 M phosphate 
buffer containing 4% (w/v) paraformaldehyde for 15 min, then blocked and 
permeabilized with 5% (w/v) BSA, 0.1% (v/v) Triton X-100 and 10% (v/v) FBS in 
PBS for 20 min at RT and finally stained with primary antibodies and the 
corresponding secondary TEXAS RED/FITC-conjugated antibodies. Immuno- 
fluorescence was analyzed by confocal laser-scanning microscopy using Zeiss 
510 LSM (Carl Zeiss Microimaging), equipped with an Argon ionic laser (Carl 
Zeiss Microimaging) whose wavelength was set to 488 nm, a He-Ne laser 
whose wavelength was set to 546 nm and with an oil immersion x63/1.4 f 
objective. 

RNA Extraction and real-time RT-PCR analysis. RNA extraction 
procedures were performed as described in. 9 The following primers were used for 
PCR analysis. BiP/Grp78 - forward S'-CGTGGATGACCCGTCTGTG-S', reverse: 
5'-CGTCTTTGGTTGCTTGGC-3'; GAPDH - forward 5'-AGGCTGAGAACGGGAA 
GC-3', reverse: 5'-CCATGGTGGTG AAGACGC-3' ; FIATPase - forward 5'-GGA 
CTATTGCTATGGATGGTACAG-3', reverse S'-CCATGAACTCTGGAGCCTC-S'; 
Sorcin - forward S'-GGCCACTCTGCAAGAAGG-S', reverse 5'-CTATCTGCCCAT 
CCTGTCC-3'. Primers were designed to be intron-spanning. The reaction 
conditions were 50 °C for 2 min and 95 °C for 2 min, followed by 45 cycles of 15 s 
at 95 °C, 30 s at 60 °C and 30 s at 72 °C. GAPDH was chosen as the internal 
control. 

Luciferase assay. Luciferase assay was performed with a Dual-Luciferase 
reporter assay system (Promega) according to the manufacturer's protocol. Firefly 
luciferase activity was normalized to Renilla internal control luminescence. 

Apoptosis and in vitro migration assay. HCT116 cells were treated 
with Ribavirin (100 or 200 ^g/ml) or 4EGI-1 (25 or 50 /*M) for 48 h. Apoptosis was 
evaluated as described in. 9 Experiments were performed three times using three 
replicates for each experimental condition. Migration was assayed using a 
modified Boyden chamber (Corning Costar) containing a polycarbonate membrane 
filter (6.5 mm diameter, 8 ^m pore size) coated with poly-L-lysine. 43 The upper 
chamber contained cells in DMEM plus 1% FBS in the absence or presence of 
Ribavirin (100 /^g/ml) and the lower chamber contained DMEM plus 10% FBS as a 
chemoattractant. Cells were incubated for 48 h at 37 °C in 5% C0 2 . Non-migrated 
cells were scraped off the upper surface of the membrane with a cotton swab. 
Migrated cells remaining at the bottom surface were stained with Crystal violet. 
Staining was eluted with 100 /u\ of 1% SDS and quantitated by spectrophotometric 
reading at 570 nm. 



Patients. Tumor and normal, non-infiltrated peritumoral mucosa were obtained 
from 20 patients with CRC during surgical removal of the neoplasm. 9 Express 
written informed consent to use biological specimens for investigational 
procedures was obtained from all patients. 

Statistical analysis. The /-Test was used to establish statistical correlation 
between the expression levels of TRAP1 and those of elF4A,elF4E, eEF1A and 
eEF1G in human CRCs and between apoptotic and gene expression levels in 
treated versus untreated scramble/sh cells. Statistically significant values 
(P<0.05) are reported in Table 1. The paired Student T test was used to 
establish the statistical significance between different levels of apoptosis or gene 
expression in controls when compared with treated cells or in sh-TRAP1 cells 
compared with related scramble controls. 

All the experiments shown in this article were independently performed three 
times with similar results, unless otherwise specified. 
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